Antiferromagnets have several favourable properties as active elements in spintronic devices, including ultra-fast dynamics, zero stray fields and insensitivity to external magnetic fields 1 . Tetragonal CuMnAs is a testbed system in which the antiferromagnetic order parameter can be switched reversibly at ambient conditions using electrical currents 2 . In previous experiments, orthogonal in-plane current pulses were used to induce 90° rotations of antiferromagnetic domains and demonstrate the operation of all-electrical memory bits in a multi-terminal geometry
. In an antiferromagnetic material, neighbouring atomic magnetic moments are aligned to give zero net magnetization, resulting in a robustness against magnetic fields up to tens of tesla. Switching an antiferromagnet's staggered magnetization can be realized by passing uniform electrical currents through the antiferromagnet if certain symmetry conditions are met. First, if a site in the lattice lacks local inversion symmetry, a uniform current induces a local non-equilibrium spin polarization at that site 5 . Second, if the antiferromagnetic sublattices are space-inversion partners, the currentinduced spin polarization generates an effective magnetic field (H eff ) whose sign alternates with each sublattice. This staggered field can induce a Néel-order spin-orbit torque 6 , m i × H eff , where m i is the sublattice magnetization, which can efficiently reorient the antiferromagnetic moments. These conditions are fulfilled in, among other systems, the room-temperature collinear antiferromagnets CuMnAs (ref. 7 ) and Mn 2 Au (ref. 5 ), in which current-induced switching was recently demonstrated 2, 3, [8] [9] [10] [11] .
Here, we demonstrate reversible switching in an epitaxial CuMnAs film, controlled by the polarity of an applied current pulse (I pulse ). In previous studies of antiferromagnetic memory devices, the reported electrical read-out signal was polarity-independent; reconfigurations of the antiferromagnetic moments were achieved only by applying current pulses in orthogonal directions 2, 3, 8 . On a microscopic level, however, the polarity of the writing current can play an important role, as it determines the direction of propagation of the domain wall 12, 13 . This is illustrated in Fig. 1a , so the spins align in the plane of the film throughout the domain wall. The current-induced field H eff is orthogonal to the current direction and in opposite directions for each sublattice. As shown in Fig. 1a , antiferromagnetic domain-wall motion due to Néel-order spin-orbit torque can be expected when the spins in the domain wall are aligned perpendicular to H eff . There is then a torque acting on the wall whose sign depends on the polarity of I pulse . Moreover, the strong intersublattice exchange coupling in an antiferromagnet is predicted to result in much faster domain-wall motion than for ferromagnets, for which the velocity is limited by Walker breakdown 11, 12, 15, 16 . Figure 1b -d shows an optical micrograph and antiferromagnetic domain images for a 10-μ m cross structure fabricated from a 45-nmthick CuMnAs film. The domain images were obtained using X-ray photoemission electron microscopy (XPEEM), with contrast due to X-ray magnetic linear dichroism (XMLD) 8 . The XMLD signal varies as A cos 2ϕ, where ϕ is the angle between the magnetic moment and the X-ray polarization vector (E). The prefactor A depends on the orientation of E with respect to the crystal axes 17, 18 (see Methods and Supplementary Section I). The strong black-white contrast observed for E || [11 0] (Fig. 1c) (Fig. 1d) , the blackwhite contrast is predominantly at the boundaries of the domains seen in Fig. 1c . Magnetometry and X-ray magnetic circular dichroism measurements confirmed the absence of ferromagnetic phases (Supplementary Section II). , assuming full-depth switching. Figure 2g shows the reproducibility of the switching over several polarity reversals of I pulse . The net difference between the domain images, averaged across the whole 4 μ m × 4 μ m square, shows a sharp onset at a current density of about 3.5 MA cm −2 , with no further changes up to the highest currents applied (Fig. 2h) .
Next, we show that both the originally reported polarity-independent orthogonal switching 2, 3, 8 and the newly observed polarity-dependent switching can exist in different regions of the same device. This is achieved by examining the effect of applying I pulse in different directions through the centre of the cross. Current pulses of amplitude 6 MA cm −2 were applied sequentially in the directions illustrated in Fig. 3a . We focus on two 2 μ m × 2 μ m regions, marked by the orange and green squares in Fig. 1c, that show pronounced effects. The region displayed in Fig. 3b,c shows a clear switching with each current pulse with orthogonal dependence: the centre of the image shifts from black to white when I pulse is along the [100] axis, and white to black for I pulse along the [010] axis, independent of the polarity. This region may be weakly coupled to the surrounding magnetic texture, enabling reversible 90° rotation of the Néel vector through the mechanism described in ref. 6 . In Fig. 3d ,e, negligible changes are observed for I pulse along the [100] axis, whereas a shift in the domain wall running through the centre of the image is observed for I pulse along the [010] axis. The polarity-dependence can be clearly seen in Fig. 3e , which shows the difference between images obtained before and after each current pulse: current pulses along [010] and
[ 010] result in difference images of opposite contrast.
We now demonstrate that the polarity-dependent switching of antiferromagnetic domains can result in a measurable electrical signal. Figure 4a shows the eight-arm CuMnAs device used for the electrical study. The longitudinal and transverse resistances, R L = V L /I probe and R T = V T /I probe , of the device were measured using the geometry illustrated in Fig. 4a , following the application of I pulse of alternating polarity. As shown in Fig. 4b , the measured R T depends on whether the current pulse was applied with positive or negative polarity -that is, there is a memory effect. After pulsing, the signal remains stable over the measurement period. The current-induced change in R T shows an onset for current pulses of around 25 mA and reaches a plateau at around 30 mA (Fig. 4c) , which corresponds to a current density of around 3 MA cm −2 in the centre of the device. In contrast, no measurable change of R L was observed.
The observed change in R T is qualitatively consistent with the domain switching by domain-wall propagation discussed previously. The current pulses are applied at 45° to the biaxial easy axes of the antiferromagnetic film which, as illustrated in Fig. 1a and shown directly in Fig. 2a,b , can lead to a rotation of the staggered magnetization between + 45° and − 45° with respect to the current direction. This in turn can produce a transverse anisotropic magnetoresistance (AMR) in the probe geometry, which varies as sin2θ, where θ is the angle between the staggered magnetization and the direction of the probe current. The small size of the transverse AMR shown in Fig. 4c is consistent with the domain switching occurring only in localized regions within the central cross. We have observed similar behaviour in several samples patterned from the same wafer, but the onset current amplitude and the size of the read-out signal vary considerably (Supplementary Section III). This supports a picture in which the local pinning of a domain wall dictates the threshold current and the domain size can vary. The lowest threshold current density was 0.5 MA cm −2 for one of the devices tested. In contrast, switching using orthogonal current pulses required current densities above 4 MA cm −2 for the same devices. The close correlation between XPEEM images and transverse AMR for orthogonal current pulse switching has been shown previously 2, 8 . Our results show directly the switching of antiferromagnetic domains in a way that depends on the polarity of the current pulse. This offers not only a straightforward two-terminal device geometry but potentially much lower writing current compared with previous studies of antiferromagnetic memory devices. In principle, the mechanism that we describe for the polarity-dependent switching could apply both to switching via domain-wall motion and to rotation of an entire domain. However, the latter should require substantially higher spin-orbit effective fields to overcome the anisotropy energy barrier of the hard magnetization axis. The displacement of the domain wall shown in Fig. 2c,d , where the spins in the domain wall are collinear with the current direction, strongly points towards domain-wall motion as the origin of the observed domain switching. This provides a route to exploring the new physics of antiferromagnetic domain-wall motion 11, 12, 14, 15 . The observed domain structure, and the fact that currentinduced switching occurs only in localized regions of the structure, 
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suggests that the pinning of domain walls plays an important role, for example because of local defects and strains. The underlying pinning mechanisms may differ considerably from those in ferromagnetic domain walls; for example, stray-field effects are much weaker, while magnetoelastic and strain effects may be much more important. Both strain and the magnetoelastic constant should be readily influenced by varying the substrate lattice parameters and/ or chemical composition. Elucidation of these mechanisms will aid in designing ultrafast, high-efficiency spintronics devices based on antiferromagnetic domain-wall movement.
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Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41565-018-0079-1. 
